The 15 kallikrein-related peptidase (KLK) members (KLK1-15) represent the largest cluster of S1 (or chymotrypsinlike) serine proteases within the human genome . KLK3 (''prostate specific antigen'' or PSA) is a widely used cancer biomarker for prostate cancer screening (Stamey et al. 1987; Luderer et al. 1995; Catalona et al. 1997) , and KLK2 is emerging as another important prostate cancer diagnostic and prognostic tool (Darson et al. 1999; Recker et al. 2000; Fuessel et al. 2003) . Evidence suggests several other KLKs are differentially regulated in specific types of cancer (Clements 1989; Diamandis et al. 2000; Pampalakis and Sotiropoulou 2007; Ramsay et al. 2008; Singh et al. 2008 ) and may also be potentially useful as cancer biomarkers Clements et al. 2004) . Additionally, KLK family members have been shown to be intimately associated with physiological processes of skin desquamation (Lundstrom and Egelrud 1991; Brattsand and Egelrud 1999; Brattsand et al. 2005) , inflammatory demyelination (Blaber et al. 2004; Scarisbrick et al. 2006a) , neurodegeneration (Scarisbrick et al. 2008) , and semen liquefaction (Kumar et al. 1997; Vaisanen et al. 1999; Malm et al. 2000; Michael et al. 2006) . These lines of evidence point to the increasing importance of KLKs in the diagnosis and treatment of serious human medical disorders.
KLKs are secreted as inactive pro-forms that are subsequently processed extracellularly to their active form via proteolytic removal of their N-terminal propeptide. This is a key regulatory step in controlling levels of active KLK relevant to both normal physiologic function and disease mechanisms. The regulatory cascades of other protease families (e.g., the coagulation cascade) have prompted various researchers to suggest that the KLK family might similarly participate in cascades of activation that regulate their function (Lovgren et al. 1997; Takayama et al. 1997; Sotiropoulou et al. 2003; Brattsand et al. 2005; Michael et al. 2006) . One of the earliest such regulatory relationships was elucidated for KLK2 and 3 in the prostate. KLK2 exhibits trypsin-like activity and its pro-sequence requires cleavage after Arg; KLK2 was subsequently shown to autolytically activate (Denmeade et al. 2001 ). KLK3 exhibits chymotrypsin-like activity (Akiyama et al. 1987; Christensson et al. 1990; Robert et al. 1997; Coombs et al. 1998 ), but its activation pro-sequence requires cleavage after Arg; thus, KLK3 is unlikely to efficiently self-activate. Lilja and coworkers (Lovgren et al. 1997) showed that KLK2 is able to cleave the pro-form of KLK3 to yield mature active KLK3. These activation relationships describe the elements of an activation cascade in the prostate, involving initial activation of KLK2 followed by amplification of KLK2 activity by autolysis and subsequent cross-activation of KLK3 by KLK2. This cascade is relevant for the physiological process of semen liquefaction, and thus fertility, as KLK3 degrades semenogelins I and II as well as fibronectin (Malm et al. 2000) .
A more extensive activation cascade involving KLKs 5, 7, and 14 has been elucidated in the physiological process of desquamation in the stratum corneum. KLK5 (stratum corneum tryptic enzyme) and KLK7 (stratum corneum chymotryptic enzyme) have been shown to be coexpressed as the dominant enzymes present in stratum corneum (Lundstrom and Egelrud 1991) . Also present in stratum corneum is KLK14, and these proteases are postulated to degrade cornodesmosome proteins as part of the regulation of the desquamation of skin (Caubet et al. 2004) . As its name implies, KLK5 exhibits a preference for hydrolysis after basic residues (both Arg and Lys), while KLK7 exhibits a preference for hydrolysis after aromatic residues (Yousef et al. 2003a; Brattsand et al. 2005; Michael et al. 2005) . Since these proteases are coexpressed in stratum corneum, and the activation prosequences require hydrolysis after either Arg (KLK5) or Lys (KLK7 and KLK14), Brattsand et al. (2005) postulated that KLK5 may be an activating protease for proKLKs 7 and 14, forming the basis of a regulatory activation cascade in skin. Furthermore, the aberrant inhibition of these KLKs in skin (due to mutation in the lymphoepithelial-Kazal-type 5 serine protease inhibitor) appears responsible for the ichthyotic skin disorder Netherton syndrome (Hachem et al. 2006) .
Recent studies have expanded considerably the number of relevant KLK pairwise activation relationships through proteolytic screening of pro-KLK peptide-fusion proteins or soluble pro-KLK peptides (Emami and Diamandis 2008) . The results from peptide or fusionprotein hydrolyses identify, in the majority of cases, relevant activation relationships for the intact pro-KLK proteins. Such studies have thus produced a substantially complete characterization of the KLK ''activome'' ) that identifies the most efficient pairwise activation relationships of interest for subsequent detailed enzymatic characterization using recombinant pro-KLK proteins. This information, in combination with knowledge of tissue-specific expression of the KLKs, permits hypotheses to be developed and tested regarding more extensive tissue-specific KLK activation cascades Emami and Diamandis 2008) .
With these strides made in elucidation of the KLK activome, the question now turns toward the possible intersection of the KLK axis with other protease families. In the present study, we characterize the hydrolytic profile of proteases of the thrombostasis system toward pro-KLK sequences, using a previously described pro-KLK fusion protein system. The data show that plasmin, tPA, uPA, thrombin, factor Xa, and plasma kallikrein are each capable of activating a uniquely different set of proKLKs. Several of the activation relationships identified using this system are subsequently characterized and confirmed using recombinant pro-KLK proteins. Of the set of pairwise activation relationships evaluated, the activation of pro-KLK6 by plasmin exhibits the greatest reaction rate. We postulate that under conditions of injury or inflammation, when proteases of the thrombostasis system can become activated and in contact with the extracellular environment, specific activation cascades involving the secreted pro-KLKs can be initiated.
Results

Purification of pro-KLK fusion proteins
The pro-KLK fusion proteins purified to apparent homogeneity, in each case, as determined by resolution on 16.5% Tricine SDS-PAGE and visualized by Coomassie Brilliant Blue staining (see Supplemental Figs. 1-23). Furthermore, in each case, 24-h incubations at 37°C, at either pH 6.0 or 7.4, showed no evidence of degradation due to the presence of contaminating Escherichia coli proteases (see Supplemental Figs. 1-23). Thus, the purified pro-KLK fusion proteins appeared suitable for use as substrates in proteolytic studies.
Proteolysis of pro-KLK fusion proteins by thrombostasis proteases
The 15 pro-KLK fusion proteins were subjected to hydrolysis by six different proteases of the thrombostasis system (plasmin, tPA, uPA, thrombin, factor Xa, and plasma kallikrein) at two different pH values (7.4 and 6.0), and for two different incubation periods (1 h and 24 h), resulting in the analysis of 360 samples. Scanned images of the SDS-PAGE gels (96 total) are provided as Supplemental figures; however, Figure 1 involving incubation of the pro-KLK1-15 fusion proteins with plasmin, at pH 7.4, and for the 24-h incubation period, is included here as an example.
Under these conditions, incubation with plasmin resulted in complete hydrolysis of pro-KLK1, 2, 9, 11, and 12 fusion proteins; substantially complete hydrolysis of pro-KLK3, 6, 8, and 13 fusion proteins; partial hydrolysis of pro-KLK5, 7, and 14 fusion proteins; and minimal or no hydrolysis for pro-KLK4, 10, and 15 fusion proteins. While hydrolysis of the pro-KLK fusion protein results in release of the pro-KLK peptide and associated C-terminal fusion protein fragment, only the C-terminal fragment is typically visualized by staining with Coomassie Brilliant Blue. The pro-KLK fusion proteins exhibiting hydrolysis by plasmin were subjected to mass spectrometry analysis (Table 1 ). In this case, fragment masses corresponding to the released C-terminal fusion protein, as well as the correctly processed pro-peptide, were identified (with the exception of the C-terminal fusion protein for the pro-KLK15 fusion protein) and yielded excellent agreement with theoretical values. The hydrolysis of pro-KLK5 and 8 fusion proteins yielded evidence of minor secondary sites of hydrolysis (i.e., minor doublets); however, in neither of these cases, we were able to identify the minor sites of hydrolysis using mass spectrometry data.
The mass spectrometry data for all reactions are provided as supplemental data (Supplemental Tables 1-14) . In no case was the observed hydrolysis determined to be outside of the expected P1/P19 junction of the pro-KLK fusion protein sequence, and in no case was an atypical mass observed for hydrolysis. For those protease/substrate combinations exhibiting hydrolysis, scanning densitometry was performed to quantify the extent of hydrolysis. Tables 2 and 3 list the percent hydrolysis for the pro-KLK1-15 fusion proteins by the set of thrombostasis proteases utilized, at both pH 6.0 and 7.4, and for both 1-and 24-h incubations.
Activation studies of recombinant pro-KLKs
A representative subset of the most significant hydrolysis reactions observed using the pro-KLK fusion proteins was evaluated using available recombinant forms of pro-KLK6, 11, 12, and 14. In this case, reaction rates were quantified at substrate (i.e., pro-KLK protein) concentrations of 0.4 mM pro-KLK6 (with plasmin and uPA), 2.5 mM pro-KLK11 (with plasmin, uPA, factor Xa, and plasma kallikrein), 4.0 mM pro-KLK12 (with plasmin, uPA, thrombin, and plasma kallikrein), and 4.0 mMp r o -KLK14 (with plasmin and uPA). The assay conditions utilized pH 7.4 for digestion of pro-KLK6, and pH 7.5-8.0 for the other pro-KLKs, based upon the manufacturer's recommended buffer conditions (see Materials and Methods). The raw activity data for these assays with substrate and enzyme controls subtracted are shown in Figure 2 , and the reaction rates normalized to enzyme concentration are given in Table 4 .
A comparison of the reaction rates observed using recombinant pro-KLK proteins with the percentage of hydrolysis for the pro-KLK fusion proteins for individual pro-KLK proteins yields generally good agreement (i.e., greater percentage of hydrolysis for the pro-peptide fusion protein correlates with faster reaction rates using the actual pro-KLK recombinant proteins). The notable exception to this is seen with pro-KLK12; in this case, while hydrolysis by uPA and plasma kallikrein are slower than plasmin and thrombin in the pro-KLK12 fusion protein assay, they are several-fold faster than plasmin and thrombin when using actual pro-KLK12 protein (Table 4) .
Discussion
The KLKs appear to reside primarily as inactive proforms in the extracellular environment, and their functional activation is dependent upon specific proteolytic release of their N terminus pro-peptide. Characterization of the potential autolytic and cross-activation potential among the members of the KLK family, and the elucidation of activation cascades regulating function, has been a subject of intense investigation (Lovgren et al. 1997; Denmeade et al. 2001; Takayama et al. 2001a; Brattsand et al. 2005; Debela et al. 2006; Michael et al. 2006; Memari et al. 2007; Yoon et al. 2007; Emami and Diamandis 2008) . These studies have demonstrated the potential for complex regulatory activation cascades between members of the KLK family; however, almost nothing is known regarding the intersection of the KLK axis with other protease families. In this regard, of particular physiologic and clinical importance is the potential intersection of the KLK and thrombostasis family of proteases. The present study utilizes a pro-KLK fusion protein system to rapidly characterize the hydrolytic profile of potential KLK-activating proteases within the thrombostasis family. Positive results are used to identify those protease/pro-KLK combinations that merit further study using the actual pro-KLK protein. This system has previously been used to evaluate members of the KLK family as potential activating proteases, and a subset of hydrolyses were validated using recombinant pro-KLK protein ). The results of the present study indicate that plasmin and plasma kallikrein have the greatest potential as activators of the KLK axis; however, each protease tested exhibits activation potential for a specific subset of pro-KLKs.
The thrombostasis proteases are abundant in serum, and the majority of the KLKs have also been detected in this fluid (Catalona et al. 1991; Diamandis et al. 2002 Diamandis et al. , 2003 Borgono et al. 2003; Dong et al. 2003; Kishi et al. 2003; Luo et al. 2003; Yousef et al. 2003b; Kapadia et al. 2004 ). Both families colocalize in a wide range of tissues, including liver, kidney, pancreas, and brain. Notably the brain is a rich source of several kallikreins (Clements et al. 2001; Scarisbrick et al. 2006a ) and is also shown to express plasminogen, plasminogen activators, and prothrombin (Dihanich et al. 1991; Basham and Seeds 2001; Zhang et al. 2002) . In addition to physiologic coexistence, inflammation and tissue damage can cause leakage of vascular proteins into the tissue extracellular matrix. This presents a particular threat to the central nervous system (CNS) since the blood-brain barrier, which normally prevents entry of serum proteins, breaks down with traumatic injury, stroke, and in CNS inflammatory conditions such as multiple sclerosis (MS). In such cases, proteases of the thrombostasis axis can easily come into contact with pro-KLKs.
While roles for the newly identified KLKs in health and disease are just beginning to emerge, there is already 
a long history of research related to the activities of the thrombostasis enzymes. In CNS, tPA has been demons t r a t e dt ob ei n v o l v e di nh i p p o c a m p a ls y n a p t i cp l a s t i c i t y and long-term potentiation (Nicole et al. 2001; Pang et al. 2004) ; however, when levels become deregulated with respect to plasminogen activator inhibitors (a2-macroglobulin and a1-antitrypsin), as occurs in MS and in animal models of this disease, both tPA and uPA are thought to contribute to tissue injury and inflammation, with a net accumulation of fibrin (Akenami et al. 1999; Cuzner and Opdenakker 1999; Gveric et al. 2001; Lo et al. 2002; Lu et al. 2002; East et al. 2005) . There is also abundant evidence that excess tPA contributes to hippocampal degeneration (Tsirka et al. 1995) . Similarly, at low concentrations thrombin promotes neurite outgrowth but in excess is associated with neurotoxicity (Citron et al. 2000; Festoff et al. 2004) . Furthermore, the KLK1-kinin system, which influences the permeability of the blood-brain barrier, is activated in stroke (Wagner et al. 2002) . Given the growing evidence supporting coincident alterations in KLKs and thrombostasis enzymes in a range of CNS disorders, including Alzheimer's (Zarghooni et al. 2002; Paul et al. 2007 ), stroke (Chao and Chao 2006; Gravanis and Tsirka 2008) , trauma (Festoff et al. 2004; Scarisbrick et al. 2006b ), and MS (Gveric et al. 2001; Scarisbrick et al. 2002 Scarisbrick et al. , 2008 Terayama et al. 2005 ), there appears to be tremendous potential for the intersection of these two important protease families. KLK6 is up-regulated in response to CNS damage and in concert with the demyelination/remyelination processes that take place after such damage (Scarisbrick et al. 1997; He et al. 2001; Terayama et al. 2004 ). Subsequently, KLK6 has been shown to be robustly expressed at sites of active demyelination in human MS lesions . Most important, inhibition of KLK6 activity in animal models of experimental autoimmune encephalomyelitis (EAE) results in a delay of onset and a reduction in severity of inflammatory demyelination (Blaber et al. 2004 ). Together, these data indicate that KLK6 is involved in the normal turnover of myelin as well as in the progression of inflammatory demyelinating disease. These observations suggest stringent control of the activation status of KLK6 is critical to myelin homeostasis and normal CNS function. KLK6 exhibits broad specificity for hydrolysis after Arg, but not Lys residues (Bernett et al. 2002) ; however, its prosequence requires hydrolysis after Lys for release, and KLK6 is therefore unable to efficiently self-activate . Of the thrombostasis proteases tested, plasmin exhibits the greatest efficiency for activation of pro-KLK6 ( Fig. 3 ; Table 4 ) and is more efficient at activating pro-KLK6 than any mature KLK ). Therefore plasmin may be one of the most important activators of pro-KLK6. Given the expression of plasminogen and plasminogen activators in CNS and leakage of these proteins into CNS with inflammation , factor Xa (gray), plasma kallikrein (dark gray), and thrombin (black). Measured KLK activity has been normalized to account for enzyme and substrate controls. (Gveric et al. 2001) , these data further suggest that plasmin may be a critical activator of KLK6 in cases of CNS inflammatory disease. It is of considerable interest with regard to the potential interaction between KLK6 and plasmin that plasmin inhibitors, like those for KLK6, have been shown to slow the progress of EAE (Brosnan et al. 1980) . Tissue kallikrein (KLK1) is known to be activated within CNS in stroke (Wagner et al. 2002) and elevated in the serum of MS patients (Scarisbrick et al. 2008 ). Additionally, activation of both plasma and tissue kallikreins occurs during activation of the contact system after cardiopulmonary bypass (Campbell et al. 2001 ). The hydrolysis results herein indicate that plasma kallikrein is an efficient activator of pro-KLK1 (Tables 2, 3; Fig. 3) ; thus, functional amplification of the kallikrein system may occur as a consequence of the activation of pro-KLK1 (''tissue kallikrein'') by plasma kallikrein. Both KLK1 and plasma kallikrein are capable of releasing kinins from kininogens. As kinins play an important role in inflammation, this observation suggests an important role for the activation of pro-KLK1 by plasma kallikrein in the inflammatory cascade. Plasma kallikrein appears capable of activating a significant subset of KLKs, notably including pro-KLK10. No mature KLK has yet been shown capable of activating pro-KLK10, and so the ability of plasma kallikrein to activate this KLK is of substantial interest. The function of KLK10 is not known; however, it has the second-highest mRNA expression level (after KLK6) in the CNS (Scarisbrick et al. 2006a) .
Thrombin is notably unique in its activation profile for b e i n ga b l et oa c t i v a t ep r o -K L K 1 2( F i g .3 ) .N o tm u c hi s known regarding the function of KLK12; however, KLK12 may be involved in the pathogenesis and/or progression of breast and prostate cancers . KLK12 is known to be able to activate pro-KLK11 (Memari et al. 2007; Yoon et al. 2007) , and subsequently, KLK11 has been shown capable of activating pro-KLK12 ). Thus, thrombin may intersect with the KLK axis via activation of pro-KLK11, and this can result in a more extensive KLK activation cascade.
KLK8 has been reported capable of activating twochain tPA (tc-tPA) to single-chain tPA (sc-tPA). Additionally, KLK4 (Takayama et al. 2001b ) and KLK2 (Frenette et al. 1997 ) have been reported to be capable of activating single-chain uPA (sc-uPA) to two-chain uPA. Thus, the potential exists for activated KLKs to feed back into, and amplify, the thrombostasis axis activity. In particular, the ability of plasmin to activate KLK2 and the ability of KLK2 to activate uPA create a potential feedback amplification circuit between the two proteolytic axes. Similarly, the ability of plasmin to activate KLK8 and the ability of KLK8 to activate tctPA provide an additional feedback amplification circuit between these axes.
Although the turnover numbers in Table 4 may be considered slow in comparison to other proteolytic systems, the temporal resolution of regulatory cascades involving the KLKs might be significantly slower compared with other proteolytic cascades such as thrombogenesis or thrombolysis. In these other proteolytic pathways, the relevant signals can resolve over a time frame of seconds (e.g., partial thromboplastin time) and are essential for the physiological function of the signaling cascade. However, functionally relevant regulatory cascades involving the KLKs may extend over days or Figure 3 . Summary of pro-KLK fusion protein digest results (100:1 molar ratio pro-KLK fusion protein:enzyme at pH 7.4, 24 h at 37°C) represented in grayscale (white ¼ 0%; black ¼ 100% hydrolysis). The cross-hatches indicate those activation relationships reported in the literature for proKLKs , and the single hatched marks indicate those substrate:enzyme combinations subsequently quantified in this study using recombinant intact pro-KLK protein.
weeks. An activation cascade has been proposed in human skin (stratum corneum) and involves KLK5, 7, and14intheregulationofdesquamation(Lundstromand Egelrud 1991; Brattsand and Egelrud 1999) . This process resolves over a timescale of hours to days, regulated by pH changes in the skin, and is quite slow in comparison to more familiar proteolytic cascades. There is evidence to suggest that KLK6 activity associated with spinal cord trauma, including dynamic modification of the ECM affecting the capacity for axon outgrowth, occurs over a temporal period of days (Oka et al. 2005; Scarisbrick et al. 2006b ). KLK6 has also been reported to be involved in the process of skin carcinogenesis via the alteration of ECM proteins to support tumor cell growth and invasion (Klucky et al. 2007) . In this case, KLK6 appears functionally up-regulated throughout the entire precancerous and invasive cancerous stages (i.e., spanning a period of days and weeks). Indeed, one of the most important potential uses of the KLKs is diagnostic and prognostic cancer biomarkers Sotiropoulou et al. 2003) , suggesting functionally relevant activities that are temporally extended. It appears unlikely, therefore, that regulatory cascades involving the KLKs resolve over a timeframe of seconds, and comparatively slow reaction rates are of physiological relevance. We note that the activation profile information reported herein, in combination with details of the thrombostasis cascade and the previously characterized KLK activome , permits the construction of hypothetical activation cascades involving the intersection of the thrombostasis and KLK axes. Based upon our previous results with KLK activation profiles, we proposed a CNS-relevant cascade (Memari et al. 2007; Yoon et al. 2007 ). We propose a modification that shows how such a cascade can be initiated by intersection with the thrombostasis axis, as might occur in inflammatory demyelination (Fig. 4) . Together, these data point to the need for additional characterization of the activation relationships between select KLKs and thrombostasis enzymes, not only to determine their role in disease processes but also to uncover novel therapeutically relevant regulatory targets.
Materials and Methods
Production of pro-KLK fusion proteins
The cloning, expression, and purification of pro-KLK fusion proteins have previously been described in detail ). Briefly, the N terminus pro-peptide region of KLK1-15, comprising the entire set of pro-peptide ''P'' positions and continuing through the P69 position of the corresponding KLK mature N terminus, in each case, was inserted into the Histagged N terminus of a mutant form of human fibroblast growth factor-1 (FGF*). The FGF* protein is highly soluble (thereby ensuring solubility of the pro-KLK peptide); readily expressed using an E. coli host; contains an unstructured, highly solventexposed N terminus (as with the KLKs) (Blaber et al. 1996; Gomis-Ruth et al. 2002) ; is engineered to be resistant to internal proteolysis; and has a mass appropriate for rapid SDS-PAGE quantitation of the hydrolytically released KLK pro-peptide.
All expression and purification steps were performed as previously described ). Purified pro-KLK fusion protein (1.0 mg/mL) was exchanged into 20 mM sodium phosphate, 0.15 M NaCl (PBS), pH 7.4, filtered through a0 . 2m filter (Whatman Inc.), snap-frozen in dry ice/ethanol, andstoredatÀ80°C prior to use. Samples of all pro-KLK fusion proteins were subjected to incubation, at a concentration of 50 mM, for 24 h at 37°C, followed by SDS-PAGE analysis, to confirm the absence of contaminating expression host proteases.
Production of pro-KLK proteins
Pro-KLK11, 12, and 14 were purchased from R&D Systems Inc. The purity of the pro-KLK11, pro-KLK12, and pro-KLK14 proteins was confirmed to be >95% as determined by silverstained SDS-PAGE analysis. Recombinant pro-KLK6 was expressed from HEK293 human embryonic kidney epithelial cells as the expression host, as previously described ). Briefly, pro-KLK6 was expressed with the inclusion of a C-terminal Strep-tag and His-tag, respectively. X-ray structure data shows that the KLK6 C terminus is essentially antipodal to the N terminus, and as such, short C-terminal tags do not interfere with the N-terminal pro-region (Bernett et al. 2002; Gomis-Ruth et al. 2002) . The cDNA encoding human prepro-KLK6 was cloned into the pSecTag2/HygroB expression vector (Invitrogen). In this construct, the native KLK6 secretion signal was utilized to direct secretion into the culture media. The HEK293 culture media was harvested 2 d after transfection and the pro-KLK6 purified by sequential affinity chromatography utilizing nickel-affinity resin and Strep-Tactin Superflow media (QIAGEN), respectively. Purity and homogeneity of recombinant pro-KLK6 was evaluated by 16.5% Tricine SDS-PAGE and N-terminal sequencing. To confirm the absence of contaminating host peptidase activity, purified pro-KLK6 was concentrated to 50 mM and incubated at 37°Cfor6hatpH8.0, and analyzed using 16.5% Tricine SDS-PAGE. 
Pro-KLK fusion protein hydrolysis assay
Plasmin (Roche, Applied Science), uPA, tPA (American Diagnostica Inc.), thrombin, factor Xa, and human plasma kallikrein (EMD Biosciences Inc.) were confirmed to be essentially homogenous by silver-stained SDS-PAGE. Pro-KLK fusion proteins and the above thrombostasis proteases were diluted into PBS (pH 6.0 or 7.4) and combined in a 100:1 molar ratio, respectively, with a final pro-KLK fusion protein concentration of 50 mM. Samples were incubated at 37°Cforeither1or24h, after which time they were immediately added to SDS-sample buffer and boiled. The digestion samples (5.0 mg) were subsequently resolved using 16.5% Tricine SDS-PAGE and visualized by staining with Coomassie Brilliant Blue. The stained gels were scanned and the extent of hydrolysis quantified against pro-KLK fusion protein standards using UN-SCAN-IT densitometry software (Silk Scientific). The normalized percentage of hydrolysis is for the intact pro-KLK fusion protein; thus, for samples with extensive fragmentation, the percentage of hydrolysis is given in reference to the residual intact pro-KLK fusion protein.
The pro-KLK fusion proteins that exhibited proteolytic cleavage were subjected to MALDI-TOF mass spectrometry analysis using a matrix of a-cyano-4-hydroxy-cinnamic acid and performed on an Axima CFR-plus mass spectrometer (Shimadzu and Biotech).
Activation assays of pro-KLKs
All assays were designed to hydrolyze less than 10% of the pro-KLK substrate over the assay period; in this way, reaction rates were determined under conditions of essentially constant substrate concentration, thus permitting determination of intrinsic turnover numbers for the substrate concentration evaluated. The ability of plasmin and uPA to activate pro-KLK6 was evaluated using a coupled assay procedure with the KLK6-sensitive internally-quenched fluorogenic peptide Abz-AFRFSQ-EDDnp (Angelo et al. 2006 ). In the first step (comprising the pro-KLK6 ''activation step'') 400 nM of pro-KLK6 in 100 mM Tris, 0.1 mM EDTA (pH 7.4) was mixed with 4nM (i.e., 100:1 molar ratio) of plasmin or uPA, and the sample was incubated at 37°C for 24 h. Following this activation step was the ''detection step,'' where the KLK6-sensitive fluorogenic substrate Abz-AFRFSQ-E D D n pw a sa d d e dt oac o n c e n t r a t i o no f2 . 0mM, and the generation of released fluorescence due to hydrolysis was measured after 5-min incubation, using a Cary Eclipse fluorescence spectrophotometer with excitation wavelength of 320 nm and emission wavelength of 420 nm. The resulting concentration of mature KLK6 was quantified using a standard curve of mature KLK6 protein. Controls included pro-KLK6 in the absence of added plasmin or uPA, and plasmin and uPA in the absence of added pro-KLK6, as well as buffer control.
Pro-KLK11 (2.5 mM) was incubated with 25 nM of either plasmin, tPA, thrombin, or factor Xa in 50 mM Tris, 0.15 M NaCl, 0.05% Brij-35, pH 7.5 (TCNB buffer) at 37°C for 24 h. This buffer condition followed the manufacturer's recommendation for pro-KLK11 activation. The generated KLK11 enzyme activity was quantified using a coupled D-Val-Leu-Lys-thiobenzyl/5, 59-dithio-bis(2-nitrobenzoic acid) (DTNB) assay. In this assay, 0.1 mM each of D-Val-Leu-Lys-thibenzyl substrate (MP Biomedicals) and DTNB (Ellman's reagent) chromogen were directly added to the reaction mixture. Hydrolysis of the Lysthiobenzyl substrate by active KLK11 was quantified by monitoring generation of the DTNB thiolate ion at 405 nm with an extinction coefficient of e ¼ 13,600 M À1 cm À1 and a standard curve of mature KLK11. Controls included pro-KLK11 in the absence of added plasmin, tPA, thrombin, and factor Xa; plasmin, tPA, thrombin, or factor Xa in absence of added pro-KLK11; as well as buffer control. Pro-KLK11 activated by thermolysin according to the manufacturer's instructions was confirmed to yield a specific activity within the range quoted by the manufacturer (>450 pmoles/min/mg).
Pro-KLK12 (4.0 mM) was incubated with 40 nM of plasmin, tPA, or thrombin in 0.1 M Tris, 0.15 M NaCl, 10 mM CaCl 2 , 0.05% Brij-35, pH 8.0, for 1 h at 37°C. This buffer condition followed the manufacturer's recommendation for pro-KLK12 activation. The sample digests were subsequently diluted 1:10 into 0.1 M Tris, 0.15 M NaCl, 10 mM CaCl 2 ,0 . 0 5 %B r i j -3 5 , pH 7.5 containing 0.1 mM Boc-Val-Pro-Arg-7-amino-4-methyl coumarin (Boc-Val-Pro-Arg-AMC; R&D Systems Inc.) substrate. The AMC fluorophore generated was quantified on a Varian Cary Eclipse fluorescence spectrophotometer using a standard of the Boc-Val-Pro-Arg-AMC substrate subjected to complete hydrolysis by overnight incubation with bovine trypsin. Normalization of KLK12 activity was performed using standards of KLK12 activated according to the manufacturer's protocol. Controls included pro-KLK12 in the absence of added plasmin, tPA, or thrombin; plasmin, tPA, or thrombin in the absence of added pro-KLK12; as well as buffer control. Pro-KLK12 activated by overnight self-incubation according to the manufacturer's instructions was confirmed to yield a specific activity within the range quoted by the manufacturer (>4000 pmoles/min/mg).
Pro-KLK14 (4.0 mM) was incubated with 40 nM of either p l a s m i no rf a c t o rX ai nT C N Bb u f f e rf o r2 4ha t3 7°C. This buffer condition followed the manufacturer's recommendation for pro-KLK14 activation. The sample digest was subsequently diluted 1:10 into 50 mM Tris, 0.15 M NaCl, 0.05% Brij-35, pH 8.0 containing 0.1 mM Boc-Val-Pro-Arg-AMC. The KLK14 activity generated was assayed as described above for KLK12. Controls included pro-KLK14 in the absence of added plasmin or factor Xa, plasmin or factor Xa in the absence of added pro-KLK14, as well as buffer control. Pro-KLK14 activated by thermolysin according to the manufacturer's instructions was confirmed to yield a specific activity within the range quoted by the manufacturer (>3000 pmoles/min/mg).
